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Abstract  
Dry electrical discharge machining (EDM) is a technology that has the potential to replace conventional liquid based EDM, owing 
to its low tool electrode wear, thin recast layer, and environmental friendliness. However, at present major challenges of dry EDM 
are found in its material removal rate (MRR) and an unsatisfactory surface quality that results from debris reattachment on the 
EDMed surface. To improve the MRR in dry EDM, two methods are proposed in this work. First, based on an analysis of the 
oxygen EDM mechanism, a dry EDM approach with an oxygen gas mixture is proposed, and we perform experiments to validate 
the analysis. Second, dry EDM on cryogenically cooled workpieces is considered, and we describe the accompanying experiments. 
The experimental results show an increase in the MRR for both the oxygen-mixed EDM and the cryogenically cooled workpiece 
technique, along with a decrease in the surface roughness value (Ra) for the latter. These results verify the feasibility of the 
proposed methods in improving dry EDM performance. 
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1. Introduction 
Dry EDM is a promising EDM technology with a 
number of advantages over traditional techniques: low 
tool electrode wear ratio (TWR), thin recast layer, and 
general environmental friendliness [1-3]. For industrial 
application however, the machining performance of dry 
EDM must be improved to achieve desirable material 
removal rates (MRR) and surface integrity. 
In efforts to improve the MRR of dry EDM, 
researchers have attempted various assisted methods. 
Kunieda et al. investigated dry EDM with piezoelectric 
actuators, and found that the MRR increases with 
spindle servo frequency [4]. Zhang et al. studied the 
performance and underlying mechanisms of ultrasonic-
assisted dry EDM; they report that the MRR increased 
almost two-fold with workpiece vibration, but at the 
expense of increased surface roughness (SR) [5-6]. 
Hoping to improve MRR and SR, Kao and Tao et al. 
investigated a near-dry EDM method; they observed that 
near-dry EDM exhibits some advantages over dry EDM 
that include higher MRR, a sharper cutting edge, and a 
reduction in debris deposition. Compared with liquid 
EDM, near-dry EDM exhibits a higher MRR at a lower 
discharge energy input, and is more likely to improve 
workpiece surface integrity. However, a higher electrode 
load may increase tool electrode wear compared with 
dry EDM [7-8]. Rather than using a permanent magnetic 
field, Joshi et al. conducted dry EDM with a pulsating 
magnetic field and demonstrated that the resultant MRR 
increased 130% while producing zero tool wear [9]. 
Moreover, the MRR of quasi-explosion mode dry EDM 
was found to increase greatly, although such a 
machining process is difficult to control [10]. 
To overcome debris attachment issues on the 
processed surface, and to achieve surface smoothness, 
Kunieda proposed a gas-suction dry EDM method [10]. 
This resulted in an improved surface accuracy, but the 
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gas flow hole was easily blocked by debris, which 
remains a problem with this approach.  
Although the above approaches have improved MRR 
and SR, it seems that there is room for additional 
improvements in the performance of dry EDM. 
We note that significant progress has been made in 
enhancing the capabilities of EDM processes via so-
called additives-mixed electrical discharge machining 
(AEDM) approaches [11], such as powder-mixed EDM 
and gas-mixed EDM [12-14]. These AEDM approaches 
achieve a higher MRR and a smoother surface than 
when no additive is present in the main medium (usually 
a liquid). In effect, the near-dry EDM technique also 
constitutes an AEDM approach, in which a minimum 
qualities liquid is mixed with a gas (or gases) to create 
the EDM medium. Furthermore, oxygen is a desirable 
gas in dry EDM as its presence results in a higher MRR 
compared with a dry EDM process without oxygen [1, 3, 
7, 10]. Despite these results, reports of work where 
oxygen is mixed into a gaseous medium for EDM are 
sparse. In the present work, motivated by the high MRR 
in oxygen-assisted EDM and an analysis of the oxygen 
EDM process, we propose the mixing of oxygen into 
other gases (oxygen-mixed) and perform evaluative 
experiments. 
The machining of cryogenically cooled materials in 
EDM is another promising approach. Much previous 
work exists that includes machining performance 
estimates for cryogenic cooling machining [15]. For 
example, Yuan studied the effects of different cooling 
strategies on the milling performance of Ti-6Al-4V alloy 
with uncoated cemented carbide inserts [16]. These 
strategies included dry and wet minimum quantity 
lubrication (MQL), and MQL in the presence of cooling 
cooling on processing stability in turning machining, and 
ultimately concluded that cryogenic machining presents 
a more sustainable alternative to conventional machining 
processes due to its increased stability and the resultant 
productivity of the process [17]. Khan et al. investigated 
tool life by using a modified cryogenically cooled tool, 
and found that this scheme produced a greater than 
fourfold increase in tool life [18]. 
Nevertheless, most reports on cryogenic machining 
techniques have been in the context of conventional 
machining methods such as turning, milling, and so 
forth. There are few reports on the effects of cryogenic 
machining on EDM performance, with the exception of 
[19-21]. The wear of a cooled copper electrode in the 
EDM of a titanium alloy material (Ti-6Al-4V) was 
investigated by Suleiman et al. [19]; they were able to 
reduce the electrode wear by up to 27% by using 
electrode cooling while simultaneously reducing the SR 
of the workpiece. Moreover, Srivastava et al. 
systematically studied the machining performances of a 
cryogenically cooled electrode and an ultrasonic-assisted 
cryogenically cooled electrode in machining of M2 
grade high speed steel [20-21]. They observed that the 
TWR and SR are both lower in cryogenic EDM 
(CEDM) than in conventional EDM for the same set of 
parameters. While CEDM and ultrasonic-assisted 
cryogenic EDM (UACEDM) had a good effect on the 
EWR and SR (CEDM performing better than 
UACEDM), the MRR of CEDM and UACEDM are 
lower than what is achieved with conventional EDM. 
Srivastava found that the coolant (liquid nitrogen) at best 
produces a 20% decrease in tool wear, and a 27% 
improvement in SR. Lastly, the electrode shape retention 
for CEDM and UACEDM is better compared with the 
conventional EDM scenario. 
The existing literature however only describes work 
performed with conventional liquid EDM, with a focus 
on the machining performance of a cryogenically cooled 
electrode. Studies of cryogenic EDM in a gaseous 
medium, especially those involving cryogenically cooled 
workpieces in dry EDM scenarios, are hard to find. 
Since the lower viscosity and thermal conductivity of 
gas may produce a weak cooling effect on the 
workpiece, the machining performance should be 
improved with such an approach. Therefore, we also 
investigate a dry EDM method using cryogenically 
cooled workpieces in the present paper. 
In summary, we propose two dry EDM approaches  
oxygen-mixed dry EDM and EDM with cryogenically 
cooled workpieces  with the aim of achieving fast 
machining and improved surface finish. In what follows, 
we describe experiments that study how these methods 
affect EDM performance. 
2. Experimental Study on Oxygen-Mixed Dry EDM  
2.1 Mechanism analysis for oxygen EDM 
We performed EDM experiments with oxygen, 
nitrogen, argon, and compressed air, using quenched 45 
carbon steel for the workpieces, and copper tube for the 
tool electrodes. Among the four gases, oxygen EDM 
achieves the highest MRR, as shown in Fig. 1, and the 
experimental results are similar to those in [1, 7, 10].  
Energy spectrum analysis (ESA) revealed that copper 
was deposited on the surface, and the weight percentages 
(Wt %) of Cu deposited on the workpieces for argon, 
nitrogen, and oxygen gas are listed in Table 1. More of 
the tool electrode material was deposited on the 
workpiece EDMed in argon than that in nitrogen, and 
only 0.4% Cu was found for the oxygen EDM 
experiment with the same parameters. This demonstrates 
that the discharge passage in oxygen has a smaller 
influence on the electrode than in the other gases. 
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The surface topography of samples EDMed in the 
different gases is shown in Fig. 2, where it can be sceen 
that craters in the surface of the oxygen EDMed 
workpiece are deeper than those of the workpieces 
EDMed in other gases. Recast craters were formed in the 
surface that had been dry EDMed in argon. 
Table 1 Wt% of Cu deposited on the surface of the workpiece EDMed 
in different gases. 
Argon N2 O2 Air 
28% 2.68% 0.4% ---- 
There are several reasons for the high MRR for the 
oxygen EDM. Chemical reactions, mainly oxidation, are 
seen as one such reason; oxidation reactions are 
exothermic processes [1, 10], which therefore contribute 
to the high MRR of oxygen EDM.  
The relatively lower ionisation energy for oxygen is 
another reason for the higher MRR [3]. Table 2 lists the 
first ionisation energies (FIE) of oxygen, nitrogen, and 
argon. Use of a gas that is more easily ionised will help 
to achieve a higher MRR. However, we note that the 
difference between the FIE for the different gases is not 
particularly large  for instance, the FIE ratio between 
oxygen and argon is: 12.5/15.69= 0.7967  whilst there 
is a great difference between the MMRs of EDM with 
oxygen and with argon: (MRR of oxygen)/(MRR of 
argon)= 31.22. Thus, there must be other factors besides 
the ionization energy affecting the MRR of oxygen 
EDM. 
Table 2 The first ionisation energy (FIE) of three gases 
Gas Ar N2 O2 Air 
FIE/(eV) 15.69 15.6 12.5 - 
We believe the electronegativity of oxygen to be also 
responsible for the high MRR result. Electronegativity 
denotes the ability of an atom to attract electrons, where 
a larger electronegativity corresponds to a higher 
probability for an atom to capture electrons. Among the 
three gases, the electronegativity of oxygen is the 
greatest as seen in Table 3, which lists the electron 
affinity energy (EAE) of the three gases. Oxygen has the 
largest EAE value, suggesting that oxygen atoms more 
easily capture electrons and form anions. Conversely, 
Argon has a negative EAE value, which means an argon 
atom must absorb a certain amount of energy before it 
can combine with an electron. Therefore, compared with 
oxygen, the argon is hardly ionised and once it is 
ionized, it is difficult to recover its deionisation, and this 
easily results in an unstable discharge. In contrast, 
oxygen is easily ionised, and after the oxygen medium 
breakdown, oxygen atoms may quickly capture electrons 
and combine with positive ions. The discharge passage 
is then deionised, creating a stable discharge state which 
ultimately leads to a high MRR. 
Table 3 The first electron affinity energy (EAE) of three atoms 
Element  Oxygen Nitrogen Argon 
EAE(eV) 2.73 0.04 -1.0 
Based on the aforementioned advantages of oxygen 
EDM, and considering the relatively low MRR resulting 
from use of other gases, we performed additional EDM 
experiments using oxygen mixed with other gases. These 
were aimed at improving the MRR of dry EDM. 
2.2 Oxygen-mixed EDM experiments 
We evaluated the machining performance in oxygen-
mixed EDM experiments, where the tube tool electrodes 
were made of copper with outer diameters of 8.0mm and 
inner diameters of 3.0mm. Workpieces consisted of 
quenched 45 carbon steel. Fig. 3 depicts a schematic 
diagram of the experimental setup. The volume flow of 
each gas was controlled with a flow meter, and one-way 
valves were used in order to stop gas backflow. After 
two working gases were mixed together, the mixture was 
sent into the tube electrode. All machining parameters 
were identical to those listed in Fig. 1. 
Fig. 3 Principle of oxygen mixed with other gases 
We conducted experiments mixing oxygen with 
compressed air, argon, and nitrogen. As the main 
objective of these experiments was to investigate 
whether the MRR of oxygen-mixed dry EDM could be 
(a) In argon                    (b) In nitrogen              (c) In oxygen 
Fig. 2 Surface topography of the workpiece EDMed in different gases 
(The scale in the pictures is 0.3mm.) 
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Air, 
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or Argon 
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direction 
link 
Stop valve 
l
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0.8
1.2
1.6
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Parameters: 
ton=180 μs, toff=100 μs, Ip=20 A 
Open voltage=270 V  
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Fig.1 MRR comparison of dry EDMed carbon steel in different gases 
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improved, each experiment was repeated three times and 
the mean MRR recorded for several oxygen contents in 
the final gas mixture (30%, 50%, and 70%). 
Results from experiments with oxygen mixed into 
compressed air are shown in Fig. 4. The MRR is 
improved with oxygen-mixed EDM compared with the 
no oxygen result (that is, the compressed air result from 
the previous section). Additionally, it is noted that the 
MRR increases with oxygen content. 
The experimental results for EDM with oxygen-
nitrogen mixtures are displayed in Fig. 5. Again, it can 
be seen that the MRR for oxygen-mixed EDM is higher 
than that for pure nitrogen EDM. 
Finally, we conducted experiments involving oxygen-
argon mixtures. The results are shown in Fig. 6, where it 
can be clearly seen that the MRR is increased compared 
with the MRR of pure argon EDM. The trend seen in the 
results for the oxygen-argon mixtures is similar to the 
one seen for the oxygen-nitrocgen mixtures. 
2.3 Discussion and analysis of oxygen-mixed dry EDM 
The experimental results of oxygen mixed with air, 
nitrogen, and argon gas, show that the MRR of oxygen-
mixed dry EDM is increased greatly compared with non-
oxygen, single gas dry EDM, by no less than 200%. For 
example, for oxygen mixed with air, the improvements 
in MRR ranged from 234% (with 30% oxygen) to 281% 
(with 70% oxygen). For argon, the gas with the lowest 
EAE value, the range in improvement was from 338-
500%. We conclude that oxygen-mixed dry EDM can 
improve upon the MRR of dry EDM. Additionally, it 
was found that the SR value of oxygen-mixed dry EDM 
was greater than for single gas dry EDM. 
The MRR was seen to increase with oxygen content, 
except at 50% oxygen for the nitrogen and argon may 
have been caused by random error, or an error in 
measuring the oxygen concentration, subject to further 
investigation. The general trend in the data indicates that 
more oxygen produces a greater improvement in the 
MRR. However, the relationship between MRR and 
oxygen content is not a simple proportional one. For 
instance, for 30% oxygen mixed with air, the MRR is 
not 1.3 times the MRR of pure-air experiments, which 
suggests that other factors may be driving the MRR 
improvement in oxygen-mixed EDM. 
The Penning effect may play a key role in improving 
MRR. This effect is found in gas mixtures (with suitable 
proportions) where the excitation energy of one gas is 
greater than the ionisation energy of the other [22]. Since 
oxygen has the lowest ionisation energy in our 
experimental gases, there is a higher probability that the 
excitation energies of nitrogen and argon are higher than 
the oxygen ionisation energy. Thus, EDM with the 
oxygen-nitrogen and oxygen-argon mixtures should 
achieve an additional increase in MRR. Though the 
results are not shown here, we also conducted 
experiments with nitrogen mixed into argon; in those 
experiments, the MRR was not improved very much. 
Lastly, an analysis of oxygen EDM and oxygen-
mixed EDM can show that deionisation plays an 
important role in dry EDM because a complete 
deionisation helps to maintain stable discharge in dry 
EDM. Moreover, deionisation could contribute to a cool 
discharge passage. 
3. Experimental study of dry EDM with a cooled 
workpiece 
In conventional EDM, the workpiece is cooled by a 
liquid, and debris is swiftly cooled and ejected. In dry 
EDM however, the workpiece is cooled by a gas, and 
debris is removed by blowing gas over the surface. Due 
to the lower thermal conductivity of air (0.0241W/mK) 
vs. that of a liquid (for kerosene: 5W/mK), cooling of a 
workpiece is much reduced in dry EDM. We supposed 
that cryogenically cooled workpieces might lead to an 
improvement in dry EDM performance. To test this 
hypothesis, we performed experiments with 
cryogenically cooled workpieces in compressed air, and 
investigated the machining performance as described in 
the following section.  
3.1 Experimental conditions 
A cryogenic cooling device was set up to cool the 
workpiece effectively; the schematic is shown in Fig. 7. 
Liquid nitrogen coolant was contained in a kettle shaped 
vessel. The spout of kettle was used to inject the liquid 
nitrogen, and the workpiece was fixed on the top surface 
                      Mixed-oxygen content  
Fig. 6 MRR of oxygen mixed with argon  
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R
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Fig. 4 MRR of oxygen mixed with 
compressed air  
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Fig. 5 MRR of oxygen mixed 
with Nitrogen 
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of the kettle. A thermal couple was placed near the 
machining point to measure temperature, and the 
quantity of injected liquid nitrogen was adjusted so as to 
keep the workpiece at a constant temperature. 
A copper tube electrode (outer diameter 6.0 mm, 
inner diameter of 3.0 mm) was kept irrotational during 
machining. The machining parameters were as follows: 
ton toff
polarity), open voltage=280V, gap voltage = 70V, orbit 
radius = 1.520mm, compressed air pressure = 0.4 MPa. 
Each experiment was performed five times, and the 
mean of the data recorded. 
3.2   Experimental results and discuscsion 
Dry EDM experiments of cryogenically cooled 
workpieces were performed with workpieces connected 
to serve either as anode or cathode. Fig. 8 compares the 
experimental MRR and SR results for cooled and 
uncooled workpieces where the workpiece was 
configured as anode. The temperature of the machining 
point was 10°C for a peak current of 29A, and 15°C 
for a peak current 20A. The MRR and SR values were 
improved for cryogenically cooled workpieces, as can be 
seen in Fig. 8. For a peak current of 29A, the MRR was 
improved by 54%, and for a peak cucrrent 20A, MRR 
was improved by 29.7%, in relation to the EDM results 
for uncooled workpieces.  
Compared with results for uncooled workpieces, 
cryogenically cooled machining marginally improves the 
SR value. The SR improvements were 0.7% and 4% for 
runs with peak currents of 29A and 20A, respectively. 
The SR improvement is visible in an SEM topography 
comparison (Fig. 9), where the cooled surface clearly 
has a greater surface integrity than the uncooled surface. 
Furthermore, experiments with cryogenically cooled 
workpieces serving as cathodes were carried out; here 
the peak current was 29A with the mean temperature of 
the machining point maintained near 15°C. Fig. 10 
shows the experimental results, where one can see that 
the MRR and SR are improved if the workpiece is 
cryogenically cooled. The MRR was improved by 
approximately 30%, and the SR was approximately 10% 
better. Fig. 11 displays the SEM pictures of the dry 
EDMed cathode workpieces. The tool electrode wear, 
however, was substantial with a negative workpiece 
polarity in our dry EDM experiments. 
The MRR and SR can be improved for cryogenically 
cooled workpieces with both positive and negative 
polarities. For positive polarity machining, the MRR was 
improved by approximately 30-50%, while the SR was 
improved only slightly over that of an uncooled 
workpiece. The surface topography of the cooled 
workpiece was found to be uniform and regular, due to 
the decreased probability of debris reattachment on the 
surface as debris was swiftly cooled and ejected. With 
the debris ejected, the state of the discharge passage was 
improved, which consequently contributed to the 
desirable MRR values.  
Temperature 
digital display  
Thermal couple 
Liquid nitrogen is 
injected here  
Workpiece 
Fig. 7 Schematic diagram of cryogenic cooling of the workpiece 
(a) Uncooled                                      (b) Cooled 
Fig. 9 Surface topography comparison of uncooled and cooled 
workpieces as they served as anodes with peak current of 29A  
(The scale in the pictures is 150 .) 
(a) Uncooled                                                (b) Cooled 
Fig. 11 Surface topography comparison of uncooled and cooled 
workpieces as cathodes at peak current of 29A  
(The scale in the pictures is 300 .) 
Peak current (A)                               Peak current (A)  
(a) MRR                                               (b) SR value 
Fig. 10 MRR and SR comparison for uncooled and coolced 
workpiece with workpiece as cathode 
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Additionally, a small amount of water mist may help 
improve MRR, owing to the electronegativity of water. 
For higher energy parameters, the MRR and SR were 
improved greatly when the workpiece was at a lower 
temperature. However, the workpiece must not be 
overcooled, as this leads to a layer of frost and excessive 
water vapour produced during machining, which 
negatively affect the machining. 
4. Conclusions 
We have proposed two new dry EDM techniques, 
namely oxygen-mixed dry EDM and dry EDM with 
cryogenically cooled workpieces, with the objective of 
increasing MRR and surface integrity. The machining 
mechanisms of underlying these dry EDM techniques 
were analysed.  
Experimental results validate the theoretical analysis, 
and demonstrate the feasibility of the two approaches. 
Oxygen-mixed dry EDM was shown to improve MRR 
more than 200% over non-oxygen results at our chosen 
experimental conditions. Generally, it was found that 
oxygen-mixed air achieved a high MRR, and that MRR 
increases with oxygen content in a two-gas mixture. 
Electronegativity, the lower FIE of oxygen and the 
Penning effect are believed to be the main drivers that 
lead to increased MRR oxygen-mixed dry EDM. 
Dry EDM with cryogenically cooled workpieces was 
also shown to improve both the MRR and SR at the 
chosen experimental conditions. The MRR was 
improved approximately 30-50%, and SR approximately 
1%-10%, over what could be achieved with uncooled 
pieces. An enhanced ejection of debris in this approach 
is suspected to be the main reason for the improvements 
over uncooled EDM experiments. Combining the two 
approaches  that is, oxygen-mixed dry EDM with a 
cryogenically cooled workpiece  may constitute a new 
dry EDM method capable of high performance. 
Additional experiments involving the two EDM 
approaches are called for. Considerations such as the 
optimal oxygen content ratio, machining parameters, and 
optimal cryogenic temperature, among others, on EDM 
machining performance will the subject of future 
research.  
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